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662a Wednesday, February 29, 2012in the transport cycle involves the transporter undergoing a conformational
transition from a state poised to bind extracellular substrates to one that is com-
petent to deliver substrate to the cytoplasm. To investigate this step in semi-
atomistic detail, we construct a coarse-grained model of the benzylhydantoin
transporter Mhp1 that incorporates experimental structures of the outward-
and inward-open states. We obtain a rigorous sampling of the unbiased
outward- to inward-facing transition path ensemble (TPE) using the weighted
ensemble path-sampling method. Analysis of the TPE reveals two distinct
sets of pathways connecting the inward- and outward-facing conformations.
The first is consistent with a strict alternating access mechanism, while in the
other, decoupling of the inner and outer gates transiently forms a putative per-
meation pathway through the transporter. Our simulations additionally show
that transitions between the outward- and inward-open states result from rigid
body motions of the hash motif relative to the substrate bundle, supporting the
rocking bundle hypothesis. This methodology provides the groundwork for
more chemically detailed investigations of the transport mechanism of super-
family members using fully atomistic simulations.
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Several highly conserved features, including similarities in the overall architec-
ture and in substrate and ion binding sites, suggest that secondary transporters
sharing the LeuT-fold topology might form an emerging superfamily with
a similar transport mechanism. Similar to other transporters, LeuT-fold trans-
porters operate via the alternating access mechanism, in which during the trans-
port cycle the transporter protein undergoes conformational transitions between
two major states, an inward-facing (IF) and an outward-facing (OF) one. How-
ever, despite the availability of a wealth of structural data, a clear and consistent
understanding for the transition mechanism and how it might be coupled to ion
binding/unbinding events has not been achieved yet.
Using microsecond-long equilibrium molecular dynamics (MD) and special-
protocol target MD simulations and comparative structural analysis, we demon-
strate that the conformational changes of the conserved Na2 site are closely
coupled with the global transition between the OF and IF states in the LeuT-
fold transporters. In our TMD simulations, we show that inducing structural
transitions in only two transmembrane (TM) helices that are directly involved
in Naþ binding site in Mhp1, is sufficient to drive the transition between the IF
and OF states in the entire protein. Additional data from equilibrium simula-
tions along with structural analyses suggest that the state transitions captured
in the simulations are highly relevant to the natural pathway during the trans-
port cycle. Furthermore, the results clearly show a high correlation between
Naþ-binding TMs and extracellular and cytoplasmic gates, and how the move-
ment of specific TMs switches the states of the transporter. Meanwhile, our ex-
tended equilibrium simulations performed in different transport states, and
following free energy calculations suggest the effect of Naþ-binding in
LeuT-fold is to reshape the free energy landscape, and thereby to change the
distribution of the states involved the transport cycle.
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The Naþ-Ca2þ exchanger (NCX) is present in many tissues but is particularly
abundant in the heart where it controls contractility. NCX exchanges three Naþ
for one Ca2þ and regulates intracellular Ca2þ. In addition to being transported,
cytoplasmic Ca2þ activates NCX by binding to two Ca2þ domains, CBD1 and
CBD2. Previously, we characterized the Ca2þ-dependent structural rearrange-
ments of the isolated Ca2þ-binding domains and the full-length exchanger us-
ing Fluorescence Resonance Energy Transfer (FRET). FRET changes of NCX
occurred with Kd’s of activation in the low nM range (Ca2þ concentrations of
20-40 nM). This suggests that at diastolic Ca2þ levels (~100 nM) NCX may be
already fully activated. We examined the effect of Mg2þ on NCX Ca2þ regu-
lation to determine if Mg2þ shifts the Ca activation levels towards more phys-
iological concentrations. Monitoring FRET in real time of both the individual
and conjoined CBD’s and the full length NCX allowed us to determine Ca2þ
affinities in the presence or absence of 1 mM Mg. The full-length exchanger,
CBD1, and the conjunct CBD1-CBD2 (CBD12) exhibited a decrease in the ap-
parent affinity for cytoplasmic Ca2þ in the presence of Mg2þ. In contrast, the
sensitivity of CBD2 to cytoplasmic Ca2þ increased in the presence of Mg2þ.
The results are consistent with in vivo data as expression of a plasma membrane
targeted CBD12 in neonatal cardiac myocytes shows changes in FRET during
spontaneous contractions. Our results indicate that the exchanger can indeedsense changes in subsarcolemmal Ca2þ in the physiological range (100-200
nM). Moreover, since the concentration of cytoplasmic Mg2þ is altered during
heart failure, these results suggest that NCX may be differentially modulated in
pathological and physiological conditions.
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To clarify the role of mitochondrial Na-Ca exchange (NCXm) on antigen-
receptor (BCR)-mediated Ca2þ signaling of B lymphocytes, we first carried
out mathematical modeling of BCR-mediated Ca2þ signaling. Our computer
simulation suggested that NCXm modulates both endoplasmic reticulum (ER)
Ca2þ content and BCR-mediated cytoplasmic Ca2þ (Ca2þi) rise. The model
predictions were validated by following experiments with DT40 B lympho-
cytes whose NCXm gene (NCLX) was knocked-out (NCLX
þ/-). In NCLXþ/-
cells, expression of NCLX protein was markedly reduced and cytoplasmic
Naþ-dependent Ca2þm efflux were significantly attenuated. ER Ca
2þ content,
which was estimated as ionomycin-induced Ca2þi increase in the nominally
Ca2þ-free solution, was reduced to about 21% of control cells (WT). ER
Ca2þ uptake via Ca2þ pump (SERCA) was decreased by about 42% in
NCLXþ/- cells, while it was comparable to WT when mitochondria functions
were suppressed. No significant difference was observed in content of SERCA
mRNA. In consequence, BCR stimulation by anti-IgM antibody hardly induced
Ca2þi rise in NCLX
þ/- cells. Inhibition of NCXm by CGP-37157 induced sim-
ilar results in WT. Essentially the same results were obtained by silencing
NCLX in A 20 B lymphocytes with small interfering RNA. Taken together,
we concluded that NCXm supports ER Ca
2þ filling and pivotal in BCR-
mediated Ca2þ signaling in B lymphocytes.
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A potent and specific Naþ/Ca2þ exchange (NCX) inhibitor would be very use-
ful not only for studying the physiological roles of NCX but also for potentially
offering a new drug therapy for cardiovascular diseases and so on. We here ex-
amined electrophysiological properties of YM-244769, a novel benzyloxy-
phenyl NCX inhibitor, using the whole-cell voltage-clamp technique. Inward
and outward NCX currents (INCX) were measured in single cardiac ventricular
myocytes of guinea pig. YM-244769 efficiently suppressed the uni-directional
outward INCX with the IC50 value of 0.05 mM, whereas the blocking effect on
the uni-directional inward INCX was less potent (IC50=about 10 mM). Its inhib-
itory action was Naþi-dependent and trypsin-insensitive. On the other hand,
YM-244769 (1~10 mM) hardly suppressed INa, ICa, IK1, ISS, Ito, and IOAG. In-
triguingly, YM-244769 (0.3~3 mM) blocked hypoxia/reoxygenation-induced
Ca2þ-overload in cultured mouse cardiac myocytes. Thus, YM-244769 is a spe-
cific inhibitor against the Ca2þ entry mode of NCX, and has therapeutic poten-
tial as a cardioprotective drug.
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Ischemia/reperfusion injury is a major cause of acute renal failure and a princi-
pal determinant in the outcome of renal transplantation. Here we investigated
the protective effect of YM-244769, a potent and specific Naþ/Ca2þ exchange
(NCX) inhibitor (Iwamoto & Kita, Mol. Pharmacol. 2006), against ischemia/
reperfusion-induced renal injury. In C57BL/6J mice, renal ischemia was in-
duced by clamping the left renal artery and vein for 45 min followed by reper-
fusion, 2 weeks after the right nephrectomy. Pre- and post-ischemic treatment
with YM-244769 (~0.5 mg/kg, i.v.) attenuated the ischemia/reperfusion-
induced renal dysfunction and tubulointerstitial damage. Furthermore, YM-
244769 (0.3~1 mM) protected against hypoxia/reoxygenation-induced cell
damage in porcine tubular epithelial LLC-PK1 cells. This protective potency
was 10-fold greater than those of KB-R7943 and SN-6, other benzyloxyphenyl
derivatives, being consistent well with their inhibitory efficacies for the Ca2þ
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noprotective drug.
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Pseudohypoaldosteronism type II (PHAII) is an autosomal dominant disease
characterized by hypertension due to increased renal salt reabsorption. Cush-
ing’s syndrome is associated with excessive cortisol secretion by ectopic
ACTH producing tumor and may result in hypertension. Here we examined
the role of Naþ/Ca2þ exchanger type-1 (NCX1) in hypertension of these model
mice using specific NCX inhibitors and genetically engineered mice. NCX in-
hibitors lowered arterial hypertension in WNK4 mutant knockin mice (present-
ing the phenotype of PHAII) and chronically ACTH-administered mice.
Furthermore, heterozygous knockout of NCX1 was resistant to development
of hypertension in these model mice, whereas vascular overexpression of
NCX1 accelerated their hypertension. Since NCX inhibitors reversed the cyto-
solic Ca2þ elevation and vasoconstriction induced by nanomolar ouabain, cir-
culating endogenous cardiac glycosides may be involved in hypertension of
these model mice. Thus, vascular NCX1 contributes to hypertension in PHAII
and Cushing’s syndrome, and NCX inhibitors might be therapeutically useful
for their hypertension.
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Intracellular Ca2þ concentration [Ca2þ]i and intracellular Na
þ concentration
[Naþ]i were elevated in swine (RyR1-R615C) and rodent (RyR1-R163C)
MH susceptible (MHS) compared to Wt (MHN) muscle fibers. In both MHN
and MHS muscle fibers stepwise reduction of external [Naþ] gradually in-
creased [Ca2þ]i, which could be prevented by removal of extracellular Ca
2þ
([Ca2þ]ext). Disruption of the T-system by glycerol treatment also reduced
the magnitude of the [Ca2þ]i elevation induced by Na
þ free solution in both
groups. Administration of KBR7943 reduced [Ca2þ]i in MHN and MHS mus-
cle fibers, and ameliorated the magnitude of the elevation of [Ca2þ]i observed
during a MH episode. However, YM-2444769 an NCX blocker that preferen-
tially inhibits NCX3 reverse mode did not reduce [Ca2þ]i in either MHN or
MHS muscle fibers at rest, but did reduce the amplitude of the elevation
[Ca2þ]i induced by halothane in R163C MHS muscle fibers. These results sup-
port the existence of a functional NCX reverse mode in pig and mouse skeletal
muscle, which appears to be enhanced in MHS muscle fibers, and shows that
the majority of NCX is localized in the T-tubule. They further show that
NCX in its reverse mode contributes to the elevation of [Ca2þ]i in MHS muscle
during exposure to halothane.
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The cardiac sodium-calcium exchanger (NCX1) is hypothesized to play a ma-
jor role in sinoatrial node (SAN) pacemaker activity. To test this hypothesis
directly, we used cre/loxP technology to generate an atrial-specific knockout
(KO) of NCX1 in mice using the sarcolipin promoter. At 12 weeks, there is no
evidence of NCX1 in the atrium or SAN by immunostaining or immunoblot.
KO mice exhibit atrial dilation and ventricular hypertrophy with mild ventric-
ular dysfunction. On electrocardiography, KO mice have no P waves and a rel-
atively slow junctional escape rhythm (231 5 16 bpm, n = 4) compared to
normal sinus rhythm in WT (422 5 63 bpm, n = 2; p = 0.01). Furthermore,
recordings of cardiac electrograms in Langendorff-perfused hearts show no
evidence of atrial activity in KO. In patch clamped SAN cells isolated from
KO mice, there is no NCX activity in response to caffeine-induced SR
Ca2þ release. L-type Ca2þ current is decreased in KO by ~50% but there is
no significant difference in funny current (If) amplitude between WT andKO. Spontaneous action potentials (APs) are absent in KO, even after appli-
cation of isoproterenol (ISO, 1mM). However, we were still able to evoke APs
in patch clamped KO cells under current clamp conditions, indicating that KO
cells are capable of electrically stimulated depolarization. The maximum di-
astolic potential (MDP) was slightly more depolarized in KO (- 57 5 2.0
mV) compared to WT (- 705 2.5 mV, p < 0.001), which could theoretically
reduce spontaneous activity. However, reducing extracellular Kþ to lower the
MDP in KO to WT values failed to restore rhythmic pacemaker activity.
Thus, we conclude that NCX1 is required for normal pacemaker activity in
the murine SAN.
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Insulin not only stimulates the Na-K-pump,but by stimulating the Na:H ex-
change pump increases intracellular pH, pHi. Fidelman et al (1982) found, as
predicted by thermodynamic theory, the effect of insulin on glycolysis varied
linearly with log[Na]o with the insulin effect being converted from stimulation
of glycolysis to a 51% inhibition at 0.12 mM Nao.
Zierler & Rabinowitz (1964) demonstrated in the forearm of human males that
levels of insulin too low to affect glucose uptake, as little as 38 micro units
per ml, was sufficient to stimulate the Na-K-pump, as reflected by increased po-
tassium uptake, while producing no effect upon glucose uptake. This one exper-
iment forces us to realize that the main action of insulin is not to regulate blood
glucose levels, but to regulate the Na-K-pump and Na:H exchange. Since the
Na-K-pump uses about 25% of the ATP production in a resting muscle, stim-
ulation of the Na-K-pump increases the consumption of ATP so much that at
high levels of stimulation, it is necessary to get more glucose into the cell to
manufacture more ATP.
Since insulin decreases Nai, elevates pHi, and increases production of ATP, one
would expedt that the decreased insulin, such as seen in diabetes or in fasting
would result in the reverse of these changes. Lowering plasma levels of insulin
in rats by small doses of streptozotocin or by fasting produced an increase in
Nai of about 30%, a decrease in pHi of 0.15 units, and a 24% decrease in ATPi.
The action of thiazide diuretics to cause type 2 diuretics has been shown to be
due to their ability to cause potassium loss. Not surprisingly, diets with large
amounts of potassium and small amounts of sodium have been shown to reverse
diabetes.
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Sodium-hydrogen exchanger (NHE), the principal sarcolemmal acid extruder
in ventricular myocytes is stimulated by a variety of autocrine/paracrine fac-
tors and contributes to myocardial injury and arrhythmias during ischemia/
reperfusion (IR). Platelet-activating factor (PAF, 1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) is a potent proinflammatory phospholipid that is
released in the heart in response to oxidative stress and promotes myocardial
IR injury. PAF stimulates NHE in neutrophils and platelets, but its effect on
cardiac NHE (NHE1) is resolved. We utilized quiescent guinea pig ventricular
myocytes bathed in icarbonate-free solutions and used epifluorescence to mea-
sure intracellular pH (pHi). Methylcarbamyl-PAF (C-PAF, 200 nM), a meta-
bolically-stable analog of PAF, significantly increased steady-state pHi. The
alkalosis was completely blocked by the NHE inhibitor, cariporide, and by
sodium-free bathing solutions, indicating it was mediated by NHE activation.
C-PAF also significantly increased the rate of acid xtrusion induced by intra-
cellular acidosis. The ability of C-PAF to increase steady-state pHi was
completely blocked by the PAF receptor inhibitor WEB 2086 (10 mM), indi-
cating the PAF receptor is required. A mitogen-activated protein (MAP) ki-
nase kinase (MEK) inhibitor (PD98059, 25mM), also completely blocked
the rise in pHi induced by C-PAF, suggesting participation of the MAP kinase
signaling cascade downstream of the PAF receptor. Inhibition of protein
kinase C (PKC) with GF109203X (1 mM) and chelerythrine (2 mM) did not
significantly affect the alkalosis induced by C-PAF. In summary, these results
provide evidence that: a) PAF stimulates cardiac NHE1, b) the effect occurs
via the PAF receptor, and c) signal relay requires participation of the MAP
kinase cascade.
